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Abstract—We review the results of a recent series of papers in which the interaction between a dynamic

mode II fracture on a fault plane and off-fault damage has been studied using high-speed photography. In these

experiments, fracture damage was created in photoelastic Homalite plates by thermal shock in liquid nitrogen

and rupture velocities were measured by imaging fringes at the tips. In this paper we review these experiments

and discuss how they might be scaled from lab to field using a recent theoretical model for dynamic rupture

propagation. Three experimental configurations were investigated: An interface between two damaged Homalite

plates, an interface between damaged and undamaged Homalite plates, and the interface between damaged

Homalite and undamaged polycarbonate plates. In each case, the velocity was compared with that on a fault

between the equivalent undamaged plates at the same load. Ruptures on the interface between two damaged

Homalite plates travel at sub-Rayleigh velocities indicating that sliding on off-fault fractures dissipates energy,

even though no new damage is created. Propagation on the interface between damaged and undamaged

Homalite is asymmetric. Ruptures propagating in the direction for which the compressional lobe of their crack-

tip stress field is in the damage (which we term the ‘C’ direction) are unaffected by the damage. In the opposite

‘T’ direction, the rupture velocity is significantly slower than the velocity in undamaged plates at the same load.

Specifically, transitions to supershear observed using undamaged plates are not observed in the ‘T’ direction.

Propagation on the interface between damaged Homalite and undamaged polycarbonate exhibits the same

asymmetry, even though the elastically ‘‘favored’’ ‘?’ direction coincides with the ‘T’ direction in this case. The

scaling properties of the interaction between the crack-tip field and pre-existing off-fault damage (i.e., no new

damage is created) are explored using an analytic model for a nonsingular slip-weakening shear slip-pulse and

verified using the velocity history of a slip pulse measured in the laboratory and a direct laboratory measurement

of the interaction range using damage zones of various widths adjacent to the fault.

Key words: dynamic rupture, fracture damage, supershear rupture, asymmetric propagation, fault zone,

slip pulse.

1. Introduction

Although earthquakes are commonly modeled as frictional instabilities on planar

faults, real faults, many of which have been exhumed from seismogenic depths, have a

more complex structure shown schematically in Figure 1. Most slip occurs in a highly
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0033–4553/09/101629–20

DOI 10.1007/s00024-009-0512-3
Pure and Applied Geophysics



sheared ‘‘core,’’ typically a few centimeters thick, and composed of extremely fine-

grained granulated rock (known as cataclasite) which is commonly altered to clay

mineralogy, particularly at shallow depths. Slip within the core is often localized onto

principal slip surfaces a few mm thick and composed of still finer-grained ultracatacl-

asites. The core is bordered by layers of coarser granulated rock commonly termed gouge

or fault breccia. These layers are typically meters thick and appear to have

accommodated little or no shear strain. For some large displacement strike-slip faults,

‘‘pulverized rocks’’ in which individual grains are shattered but the rock fabric is

undisturbed have been observed to distances of 100–300 meters from the fault plane in

formations that were at or near the surface during faulting (DOR et al., 2006). The

granular layers are bordered by highly fractured (but not granulated) wall rock within

which the fracture density decreases to the regional background value over a distance of a

few hundred meters. More detailed descriptions of fault zone structure, deviations from

the ideal symmetry in Figure 1, and discussions as to how it might have formed are given

by BEN-ZION and SAMMIS (2003) and BIEGEL and SAMMIS (2004).

The focus of this paper is on how fault zone structure affects earthquake rupture

propagation, with special emphasis on a series of recent laboratory measurements of

rupture velocity on faults in damaged photoelastic plates by BIEGEL et al. (2008, 2009)

and BHAT et al. (2009). BIEGEL et al. (2008) observed a reduction in rupture velocity

caused by a symmetric distribution of damage about a premachined fault, and measured

the spatial extent of the interaction between the rupture tip and the off-fault damage.

BIEGEL et al. (2009) and BHAT et al. (2009) studied propagation asymmetries caused by

slip on the interface between damaged and undamaged materials, as would be the case if

Figure 1

Schematic cross section of an idealized fault at seismogenic depth. The nested layered structure is described in

the text. The widths of the layers vary from fault to fault, and the structure is often less symmetric than shown

here.
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an earthquake rupture propagated along one side of a fault zone. A key question here is:

How wide does the fault zone have to be in order to affect rupture propagation? We

address this question at the end of the paper by using a recent dynamic slip pulse model

(RICE et al., 2005) as guidance in scaling observations in the laboratory to natural

earthquakes.

Consider first the case of symmetric off-fault damage with no material contrast. A

first-order effect of fracture damage on rupture propagation is to lower the elastic

stiffness of the material. By reducing the shear-wave speed cS, the effect on rupture

velocity is to lower the limiting Rayleigh speed, which is 0.92 cS for Mode II ruptures.

However, BIEGEL et al. (2008) found that damage reduced the rupture velocity below that

expected, based solely on the lower shear-wave speed. They ascribed this additional

reduction to a further dynamic reduction in modulus and to anelastic losses associated

with frictional slip on the myriad of small off-fault fractures that comprise the damage.

BIEGEL et al. (2009) and BHAT et al. (2009) extended these measurements to ruptures

that propagate on the interface between damaged and undamaged materials. In these

experiments, the off-fault damage produced additional asymmetries in the propagation of

ruptures beyond those expected from the associated contrast in elastic stiffness.

Propagation asymmetries ascribed to the damage were observed to be stronger than those

due to elastic contrasts.

2. Experimental Apparatus

All experiments described here used the apparatus shown in Figure 2. Square plates

of the photoelastic polymers Homalite and polycarbonate were prepared with a

premachined fault at an angle a to the edge as in Figure 3. The plates were loaded

with a uniaxial stress P and a bilateral rupture was nucleated using a high-voltage pulse to

explode a wire in a small hole that crossed the center of the fault plane. The explosion

reduced the normal stress on an *1-cm long patch of the fault plane, allowing shear slip

that nucleated the rupture. The voltage pulse was also used to trigger a pair of high-speed

digital cameras that recorded a series of images of the shear stress field revealed as

fringes in polarized laser light.

The upper panel in Figure 4 shows four frames taken at the times indicated during

one of the Homalite experiments. Fringes associated with stress concentration at the

rupture fronts and the S wave generated by the nucleation event can be identified. The

lower panel in Figure 4 shows the corresponding instantaneous velocity as a function of

time. Instantaneous velocity was found by differentiating an interpolated cubic spline fit

to the displacements using a MATLAB� utility (BIEGEL et al., 2009; BHAT et al., 2009).

Note that propagation is symmetric and both rupture tips accelerate to the limiting

(Rayleigh) rupture velocity cR = 0.92cS for mode II propagation and then transition to

supershear velocities approaching the P-wave speed (note, cP/cS = 2.1 for Homalite).
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3. Effect of Symmetric Off-Fault Damage on Rupture Velocity

BIEGEL et al. (2008) introduced fracture damage into Homalite plates by using a razor

knife to score a mesh of scratches on both sides of the plate spaced about 2 mm apart and

Figure 2

Schematic diagram of apparatus used to take a series of high-speed photographs of dynamic ruptures on

premachined faults in photoelastic Homalite and polycarbonate plates. The inset shows a sample in the loading

frame used to apply uniaxial stress P.

Figure 3

Sample geometry showing premachined fault at angle a. She exploding wire is used to create a patch of low

effective normal stress that nucleates a bilateral rupture at the center of the fault plane.
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oriented at ?/- 45� to the loading axis, followed by immersion in liquid nitrogen for 45

seconds. The thermal shock produced a network of fractures with a mean spacing of

about 1 cm as shown in Figure 5. Travel-time curves measured for both rupture fronts

and for the S-wave are plotted in Figure 6 where they are compared with those for the

undamaged Homalite. Note that rupture velocity and S-wave speed in the damaged plates

are lower than those in the undamaged plates. More importantly, the ratio vr/cS is

significantly smaller in the damaged material where it is less that the Rayleigh speed

(vr\0:92cDHS , where cDHS is the shear speed in damaged Homalite). The implication is

that the rupture velocity is further reduced by anelastic loss due to frictional sliding on the

Figure 4

Dynamic rupture on the interface between two Homalite plates. The upper four panels show frames from the

sequence of high-speed photographs taken at the times indicated. Note the butterfly-like stress concentrations at

the rupture front in the frame taken at 24 ls. The shear stress concentration associated with the S wave

generated at nucleation is most evident at 2 and 7 o’clock in the frames taken at 32 and 40 ls. The Mach cone

produced by supershear propagation is most evident in the frame taken at 40 ls. The lower panel shows the

instantaneous velocity of the rupture tips as a function of time. Note that propagation is symmetric. Both tips

propagate near the Rayleigh velocity cR = 0.92cS for about 29 ls before transitioning to supershear velocities

approaching cP.
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Figure 5

Fracture-damaged sample produced by first scoring both sides of the Homalite plates with a razor knife and then

submersing in liquid nitrogen for 45 seconds. The center of the fault plane has been darkened by the explosion

that nucleated rupture.

Figure 6

Travel time curves for a rupture propagating on the interface between two undamaged Homalite plates on the

left, and between two fracture-damaged Homalite plates on the right. S-wave travel times are also plotted.

P = 12 MPa and a = 25� in both tests. Note that rupture in undamaged Homalite did not transition to

supershear as in Figure 4. Since the load was the same, the difference was probably due to the slightly rougher

sliding surface in this case (see ROSAKIS et al., 2008).
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off-fault fractures. No additional off-fault damage was created by the rupture in these

experiments.

4. Effect of Asymmetric Off-Fault Damage on Rupture Velocity and Directionality

BIEGEL et al. (2009) used the apparatus in Figure 2 to measure the velocity of ruptures

on the interface between damaged and undamaged Homalite. As illustrated in Figure 7,

the symmetry in these experiments is broken in two ways: elastically and anelastically.

The elastic asymmetry is caused by the change in elastic modulus across the fault plane,

and results in different propagation velocities in the ‘?’ direction (the direction in which

the lower velocity damaged Homalite moves) and in the opposite ‘-’ direction. The

physical cause of this elastic asymmetry is tension across the fault plane at the tip of the

rupture propagating in the ‘?’ direction (WEERTMAN, 1980; HARRIS and DAY, 1997;

COCHARD and RICE, 2000; RANJITH and RICE, 2001; BEN-ZION, 2001; XIA et al., 2005b; SHI

and BEN-ZION, 2006; RUBIN and AMPUERO, 2007; AMPUERO and BEN-ZION, 2008).

Prior experimental studies in such elastic bi-materials by XIA et al. (2005b) found that

ruptures in the ‘?’ direction propagate at the generalized Rayleigh wave speed while

those in the opposite ‘-’ direction transition to super shear velocities that approach

Pslow 	 cslowP , the P-wave speed in the material having slower wave speeds. Theoretical

studies have shown that, depending on the friction law, loading and nucleation

conditions, a transition to supershear propagation is also possible in the ‘?’ direction with

velocity approaching Pfast 	 cfastP , the P-wave speed in the material having faster wave

Figure 7

Asymmetries in an undamaged Homalite plate in contact with a damaged Homalite plate. Since the damaged

Homalite is slightly less stiff than the undamaged Homalite, the ‘?’ direction of propagation is to the left, which

by convention is the direction of motion of the less stiff material. The anelastic asymmetry is denoted by the ‘C’

propagation direction for which the compressional lobe of the crack-tip stress concentration travels through the

damage and the ‘T’ direction for which the crack tip places the damage in tension.
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speeds (COCHARD and RICE, 2000; RANJITH and RICE, 2001, SHI and BEN-ZION, 2006). BHAT

et al. (2009) observed simultaneous supershear propagation in the ‘?’ direction at Pfast

and in the ‘-’ direction at Pslow. SHI and BEN-ZION (2006) observed such simultaneous

supershear propagation velocities in simulations with a nucleation procedure that

imposed supershear rupture in the nucleation zone.

We hypothesize that the anelastic asymmetry arises because one fracture tip has the

compressive lobe of its stress concentration in the damage (which we term the ‘C’

direction) while the other tip has its tensile lobe in the damage (which we term the ‘T’

direction). For example, in Figure 7 the rupture tip moving to the left is labeled ‘C?’

because it is moving in the ‘?’ direction (the direction of motion of the more compliant

damaged Homalite) and ‘C’ because the compressive stress concentration lies in the

damage. Following this convention, the tip moving to the right is labeled ‘T-’. We

propose that the physical cause of the anelastic asymmetry is that tension in the ‘T’

direction enhances sliding on the off-fault cracks that comprise the damage while

compression in the ‘C’ direction suppresses such sliding. This asymmetry is evident in

Figure 8, which shows the velocities measured by BIEGEL et al. (2009) for a rupture on the

interface between damaged and undamaged Homalite. Note that the rupture running in

the ‘C?’ direction moves at Pfast, the expected velocity in the ‘?’ direction for an elastic

bi-material. Off-fault damage appears to have little additional effect in the ‘C’ direction,

presumably because sliding is suppressed by the crack-tip compression. However, note

that the rupture in the ‘T-’direction stops. The interpretation is that tension enables

energy dissipation by frictional sliding in the off-fault damage near the crack tip that

completely suppresses propagation. The full set of rupture velocities measured by BIEGEL

et al. (2009) on interfaces between Homalite and damaged Homalite is summarized in

Figure 9 where they are compared with measurements at the same loads for the

undamaged Homalite system. Note that ruptures in the ‘C?’ direction are only slightly

affected by the damage while those in the ‘T-’ direction are severely slowed or even

stopped, especially at the highest loads.

The rupture velocity in the all-damaged Homalite sample at P = 12 MPa (Figs. 5 and

6) is also plotted in Figure 9 where it is seen to be the same as the velocity in the ‘T-’

direction on the interface between Homalite and damaged Homalite (also at 12 MPa).

This is the expected result based on our hypothesis that the compressive side of the

rupture does not see the damage.

BHAT et al. (2009) extended this work by measuring rupture velocities on the interface

between damaged Homalite and undamaged polycarbonate (which has a slightly lower

shear-wave speed than does damaged Homalite). However, for comparison, they first

measured the velocity of ruptures on the interface between undamaged Homalite and

undamaged polycarbonate. The results of a typical experiment are shown in Figure 10

where four frames of the high-speed sequence (taken at the times indicated) are shown in

the upper panel and the velocities are shown in the lower panel. Note that left rupture

propagating in the ‘?’ direction transitions to supershear velocities approaching Pfast
while the right rupture propagating in the ‘-’ direction approaches Pslow. This bimaterial
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system was explored in more detail by XIA et al. (2005b), although they never observed

supershear in both directions as in Figure 10, probably because the propagation distance

to the supershear transition in their experiments was longer than the radius of the

observable circle due to their rougher sliding surfaces (see ROSAKIS et al., 2008 for a

discussion of the supershear transition length).

The elastic and anelastic asymmetries that arise when damaged Homalite is in sliding

contact with undamaged polycarbonate are illustrated in Figure 11. Since undamaged

polycarbonate has a lower elastic stiffness than does damaged Homalite, propagation

directions in these experiments are ‘T?’ to the left and ‘C-’ to the right (see Table 1 for

a summary of the elastic properties of Homalite, damaged Homalite, and polycarbonate).

Figure 8

Dynamic rupture on the interface between damaged and undamaged Homalite plates. The upper four panels

show frames at the times indicated selected from the sequence of high-speed photographs. The lower panel

shows the instantaneous velocity of the rupture tips as a function of time. Note that the left tip propagating in the

‘C?’ direction transitions to supershear as in Figure 4 but that rupture propagation in the ‘T-’ direction is

completely suppressed, presumably by energy loss on the off-fault damage activated by the tensile lobe of the

stress field.
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Figure 12 shows the rupture velocities on the interface between damaged Homalite and

polycarbonate for P = 15 MPa and a = 25�. Note that in the ‘T?’ direction the rupture

velocity approaches the generalized Rayleigh speed while in the ‘C-’ direction it slowly

increases above the generalized Rayleigh speed, possibly toward Pslow, the P-wave speed

in polycarbonate. The full set of rupture velocities measured by BHAT et al. (2009) on

interfaces between damaged Homalite and polycarbonate is summarized in Figure 13

where they are compared with the measured velocity of ruptures at the same loads on the

interface between undamaged Homalite and polycarbonate. As in the previous case of

Homalite in contact with damaged Homalite, ruptures in the ‘C’ direction are only

slightly affected by the damage. Like rupture velocities in the undamaged system, they

appear to be increasing toward Pslow, but only at higher loads. Ruptures in the ‘T’

direction are more severely affected by the damage. The transition to supershear, which

takes place in the undamaged system, is suppressed in the damaged system where

ruptures propagated at the generalized Rayleigh speed for applied loads up to 15 MPa.

5. Scaling Laboratory Studies to Natural Fault Zones

Since the anelastic propagation asymmetry is caused by the interaction of the crack

tip stress concentration with the off-fault damage, it is important to know the spatial

extent of this crack tip field and how it scales from the ruptures in photoelastic polymer

plates in the laboratory to earthquakes on natural faults in rock. The answer can be found

Figure 9

Summary of experimental results comparing rupture velocity in damaged bimaterial samples with those in

undamaged Homalite plates. Note that the off-fault damage has little effect on ruptures traveling in the ‘C?’

direction but a major effect on those propagating in the ‘T-’ direction. Bimaterial ruptures which have the

tensile lobe in the damage did not transition to supershear and, at large uniaxial loads, did not propagate at all.

The solid circle is for damaged Homalite/damaged Homalite at P = 12 MPa from Figure 6 (from BIEGEL et al.,

2009).
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using an analytic model for a dynamic slip pulse developed by RICE et al. (2005)

(hereafter referred to as RSP). The geometry and parameters of the model are illustrated

in Figure 14. The spatial extent of the off-fault stress field depends on four

nondimensional parameters: the ratio of components of the prestress roxx=r
o
yy, the ratio

of the rupture velocity to the shear-wave speed vr/cS, the ratio of the residual to peak

stress sr/sp, and the length of the slip-weakening zone relative to the length of the slip

pulse R/L. As illustrated in Figure 15, RSP found that the spatial extent of the stress

concentration is larger for smaller values of roxx=r
o
yy (when the stress vector makes a

Figure 10

Dynamic rupture on the interface between undamaged Homalite and undamaged polycarbonate plates. The

upper four panels show frames at the times indicated selected from the sequence of high-speed photographs. The

lower panel shows the instantaneous velocity of the rupture tips as a function of time. Note that the left tip

propagating in the ‘?’ direction transitions to supershear velocities approaching Pfast. The right tip propagating

in the ‘-’ direction also transitions to supershear velocities approaching Pslow. The ? and D symbols indicate

propagation velocities determined for the angle b of the Mach cone in Homalite and in polycarbonate

respectively (from BHAT et al., 2009).
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larger angle with the fault plane) and for larger values of vr/cS (where vr is limited to sub-

Rayleigh propagation). Note in this figure that all spatial variables are scaled by R

o, the

length of the slip-weakening zone in the limit of L ? ?and vr ? 0?. Note also in

Figure 15 that the region of Coulomb failure extends to a distance of about R

o at high

rupture velocities and when the pre-stress vector is at a large angle to the fault plane.

By fitting their model to HEATON’s (1990) estimates of L, d, and vr for seven

earthquakes, RSP were able to estimate the characteristic displacement d1, the dynamic

stress drop ðroyx � srÞ; the fracture energy G, and R

o for each earthquake evaluated at the

centroid depth of the rupture (typically about 7 km). Although the seismic parameters

estimated by Heaton may be crude, they yield fracture energies that are consistent with

Figure 11

Asymmetries in an undamaged polycarbonate plate in contact with a damaged Homalite plate. Since the

polycarbonate is slightly less stiff than the damaged Homalite, the ‘?’ direction of propagation is to the left. The

anelastic asymmetry is denoted by the ‘C’ propagation direction for which the compressional lobe of the crack

tip stress concentration travels through the damaged Homalite and the ‘T’ direction for which the crack tip

places the damage in tension. Note that the directions are now ‘T?’ and ‘C-’ and are different from the ‘C?’

and ‘T-’ directions for Homalite in contact with damaged Homalite in Figure 7.

Table 1

Elastic properties of sample materials

cP (m/s) cS (m/s) m

Homalite 2498(1) 1200(1) 0.35(1)

Damaged Homalite 2200(3) 1040(2) 0.25(3)

Polycarbonate 2182(1) 960(1) 0.38(1)

(1) ROSAKIS et al. (2008)
(2) BIEGEL et al. (2008)
(3) O’CONNELL and BUDIANSKY (1974)
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other estimates both in magnitude and in their dependence on d (see, e.g., RICE, 2006).

RSP found that R

o is on the order of 1–40 meters, which is comparable to the width of

natural fault zones at seismogenic depth inferred by LI and MALIN (2008), It should be

noted that the width of natural fault zones at depth is still controversial and may be

significantly narrower (BEN-ZION et al., 2003; PENG et al., 2003; LEWIS et al., 2005; FINZI

et al., 2009). On the other hand, the spatial distribution of near-fault seismicity before and

after large earthquakes has been interpreted to indicate a damage zone 10–100 meters

wide at seismogenic depth (POWERS and JORDAN, 2009) or even wider (HAUKSSON, 2009).

We can similarly fit the RSP model to a slip pulse documented by LU et al. (2007) in a

Homalite experiment shown in Figure 16. The propagation velocity of the pulse was

Figure 12

Dynamic rupture on the interface between damaged Homalite and undamaged polycarbonate plates. The upper

four panels show frames at the times indicated selected from the sequence of high-speed photographs. The lower

panel shows the instantaneous velocity of the rupture tips as a function of time. Note that the left tip propagating

in the ‘C-’ direction transitions to supershear as in Figure 10 but that rupture propagation in the ‘T?’ direction

does not transition to supershear, presumably due to energy loss on the off-fault damage activated by the tensile

lobe of the stress field (from BHAT et al., 2009).
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vr = 1045 m/s. Its duration was about 10.2 ls with a rise-time of about 4 ls. This gives
L = 10.7 mm, R = 4.2 mm and, assuming R/L is approximately the ratio of the rise time

to the duration, R/L * 0.4. Integrating the area under the curve gives d = 28 lm. Since

cS = 1200 m/s for Homalite, we have vr/cS = 0.87. The density of Homalite is 1262 kg/

m3 and the shear modulus is l = 1.82 GPa.

The fracture energy G can be calculated using the graph of G
�

ld2=pL
� �

vs vr/cS with

R/L as a parameter given as Figure 15 in RSP. Using the values of vr/cS, R/L, l, d, and L

from the previous paragraph gives G = 21.2 J/m2. It is interesting that G/d & 1 MJ/m3,

close to the value estimated for earthquakes by RICE (2006).

Figure 13

Summary of experimental results comparing rupture velocity in damaged and undamaged bimaterial plates.

Note that the off-fault damage has little effect on ruptures traveling in the ‘C-’ direction but a significant effect

on those propagating in the ‘T?’ direction. Bimaterial ruptures which have the tensile lobe in the damage did

not transition to supershear (from BHAT et al., 2009).

Figure 14

Geometry and parameters of the nonsingular slip-weakening slip-pulse model from RICE et al. (2005).
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This value of G can then be used to find the dynamic stress drop according to Eq. (15)

in RSP: ðroyx � srÞ ¼ G=d ¼ 0:76 MPa. For the applied uniaxial load of 10 MPa and the

fault angle of 20�, the shear and normal stress on the fault plane are royx ¼ 3:21 MPa and

rn = 8.83 MPa, respectively. The residual stress on the fault plane can be calculated as

sr ¼ royx � ðroyx � srÞ ¼ 2:45 MPa, which gives a dynamic coefficient of friction of

fd = sr/rn = 0.28. The characteristic slip can then be found as d1 ¼ dðroyx � srÞ=
sp � sr
� � ¼ 7:5 lm. Finally, the slip-weakening distance can be estimated using Eq. (13)

in RSP, where we take (sp - sr) = rn(0.6 - 0.28)

R

o ¼ 9p

16 1�mð Þ
lG

sp�srð Þ2 ¼ 11mm: ð1Þ

BIEGEL et al. (2008) tested the prediction that the interaction between the crack tip

stress field and the damage extends to a distance of about R

o. They fabricated a set of

samples with a damage band of half width w surrounding the fault plane (Figure 17, left

panel) and another set that was totally damaged except for a band of undamaged

Homalite of half width w (Fig. 17, right panel). The resultant rupture velocities as a

function of w for both damaged and undamaged bands are summarized in Figure 18. Note

Figure 15

Contour plot of smax/sCoulomb as a function of position surrounding the tip of a propagating slip pulse when ratio

of the weakening distance to the slip length of the pulse is R/L = 0.1. Within the shaded areas smax/rCoulomb > 1

and slip on pre-existing fractures is possible. The short heavy lines within the shaded areas indicate the

orientation of optimal planes for right-lateral slip, the short lighter lines for left-lateral slip. The three columns of

plots are for different values of the scaled propagation velocity vr/cS = 0, 0.7 and 0.9. In the top row of plots

roxx

.
royy ¼ 2; in the bottom row roxx

.
royy ¼ 0:8. All calculations in this figure assume sr/sp = 0.2. From RICE

et al. (2005).
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that all rupture velocities were sub-Rayleigh and that most of the change in velocity

occurs over a distance 0 < w < 1 cm, which is about the value of R

o estimated above.

6. Discussion

An asymmetric distribution of off-fault damage in a fault zone has been shown to

produce strongly directional propagation on the fault plane. The physical source of this

directionality is hypothesized to be the interaction between the crack-tip stress field and

the off-fault fractures. Ruptures travel more slowly in the ‘T’ direction for which the

tensile lobe of the stress concentration travels through the damage. By comparison,

ruptures that travel in the ‘C’ direction for which the compressive lobe is in the damage

propagate as if there were no off-fault damage. Our physical interpretation is that crack-

tip compression immobilizes off-fault cracks while crack tip tension enhances frictional

slip. It is surprising that the directionality observed in laboratory experiments is so strong

(see summaries in Figs. 9 and 13), especially since there was no evidence that new

damage was created. The lack of new damage in the experiments is not surprising since

the scale-length of the existing damage is about 1 cm—the same size as Ro*. For real

earthquakes, RICE et al. (2005) estimated Ro* at seismogenic depth to be on the order of

meters. Earthquakes should be capable of generating new damage to distances of meters

Figure 16

A narrow sub-Rayleigh pulse on the interface between two Homalite plates with a = 20� and P = 10 MPa

showing the history of relative velocity across the fault plane recorded at 20 mm away from the nucleation

point. The dashed line indicates the shear-wave arrival. The solid dot indicates the estimated initiation time of

interface sliding. The half-filled dot indicates an estimate of interface locking time (from LU et al., 2007).
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from the fault plane, and the generation of new damage is expected to make directional

propagation even stronger.

We now return to the central question of how wide a fault zone must be if it is to

affect the velocity and symmetry of an earthquake rupture. The simple answer is that the

Figure 17

The Homalite plate on the left has a damage band of width 2w centered on the fault. The plate on the right has an

undamaged band of width 2w centered on the fault.

Figure 18

Rupture velocity as a function of w for both damaged and undamaged bands shown in Figure 17. Note that the

majority of the decrease in velocity for the damage bands and increase in velocity for the undamaged bands

occurs for bands with w less than about 1 cm (from BIEGEL et al., 2008).
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fault zone must be as wide or wider than Ro*, the approximate spatial distance to which

stress concentration at the rupture tip produces Coulomb slip on the most favorably

oriented fractures in the case when the tectonic stress is at a high angle to the fault plane

and the rupture velocity is near the Rayleigh limit. Although the preceding analysis used

the RICE et al. (2005) slip pulse model with slip-weakening friction, other models based

on crack-like ruptures and which represent off-fault damage using Coulomb plasticity

also find that the nonlinear interaction extends a distance on the order of Ro* (ANDREWS,

2005; BEN-ZION and SHI, 2005; TEMPLETON and RICE, 2008). The basic difference between

slip-pulse and crack-like models is that the spatial extent of the off-fault interaction grows

with the propagation of a crack, but reaches a constant value for the slip pulse.

In all these models, the spatial extent of the interaction is also quantitatively related to

the ratio of the rupture velocity to the shear-wave speed and the orientation of the remote

‘‘tectonic’’ stress field relative to the fault plane. Additional factors which may affect the

interaction between a rupture and off-fault damage but which are not discussed here

include the effects of water in the fault zone (see, eg., RICE, 2006), the influence of the

nucleation process on the ensuing rupture (SHI and BEN-ZION, 2006; AMPUERO and BEN-

ZION, 2008; SHI et al., 2008), and the case of supershear rupture. The experimental results

reviewed here found that off-fault damage suppresses supershear propagation in all cases

in which the tensile lobe of the rupture tip stress field encounters off-fault damage. This

may be one reason why supershear earthquake ruptures are relatively rare.
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